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Introduction
Many papers have illustrated the importance of snow as a water resource in mountainous regions (e.g., Viviroli et al., 2007) . This is especially true in the western United States (US); much research has been conducted for this area to determine the distribution and changes in snowpack patterns (Dozier, 2011) . To understand the distribution of snow in a specific region, it is often assumed that there is temporal consistency in the spatial snow patterns (Sturm and Wagner, 2010) , so that relations can be developed between topographic variables and snowpack properties. The topographic variables are used as surrogates for the meteorological drivers, such as precipitation, wind for sublimation and redistribution, and short-wave radiation plus temperature (for long-wave radiation) for snowmelt. Since terrain in snow-covered regions varies only over geologic time, it can be assumed constant. Vegetation, in particular the presence and density of tree canopy coverage, influences local scale meteorology and can vary over shorter time periods.
Spatial correlations and variability in snow depth and snow water equivalent (SWE) have been related to topography for the purpose of producing SWE maps at various scales. Over a fine resolution of 30 to 100 metres covering up to several km 2 , Erxleben et al. (2002) considered elevation, slope, aspect, and topography related variables while Winstral et al. (2002) added two wind based topographic variables to map the distribution of snow. At a coarser resolution of 1 km covering hundreds of thousands of square kilometres, Fassnacht et al. (2003) used elevation alone, but interpolated SWE uniquely at each location (1-km pixel) from the surrounding snow telemetry (SNOTEL) data.
For coarse scale meteorological interpolation, the use of multiple topographic variables stems from large scale mapping of precipitation and temperature normals that Solomon et al. (1968) used for the Island of Newfoundland, Canada. This method has subsequently been used by Daly et al. (1997) in the Parameter-elevation Regressions on Independent Slopes Model (PRISM) to map climate normals for the US.
Together with the spatial variability in snowfall, there can be substantial temporal variability in snowfall for the same area . Dozier (1989) stated that temporal and spatial snow cover variability must be assessed in order to understand the complex relations between snow cover, climate, and water resources. Across the Colorado River Basin SWE estimated from SNOTEL data vary seasonally and annually (Fassnacht et al., 2003) . This paper aims to examine temporal patterns in the correlation between topography and SWE from SNOTEL data at a 1-km resolution, as used in Bales et al. (2008) .
Since elevation and SWE are known to be highly correlated (Mitchell and Dubois, 1977; Fassnacht et al., 2003) , this paper will examine the relation between SWE and other topographic variables, such as those used by Daly et al. (1997) and Seglenieks et al. (1999) . These variables include location, slope, aspect, distance to ocean sources of moisture, obstacles that storm tracks meet, and canopy density. The objectives of this paper are as follows: 1) to identify seasonal and annual variations in the relation between topographic variables and SWE, and 2) to determine whether the variations are related to quantities of SWE and/or climate indicators for SNOTEL stations.
Study area
The study area is the Colorado River Basin in the southwestern US ( Figure  1) . Most of the snow accumulation in the study area is located in the Upper Colorado River Basin (drainage area 277,000 km Arizona, on the Colorado Plateau in the vicinity of the Grand Canyon, and in western New Mexico. Across the Colorado Basin there can be up to a threemonth difference in the timing of snowpack ablation, between the Arizona snowpack and higher-elevation, higher-latitude areas such as the San Juan Mountains in southwestern Colorado or the mountains of western Wyoming.
Data and methods

Variables
SNOTEL data have been collected at numerous locations throughout the Colorado River Basin since the late 1970s and additional stations came online in the mid to late 1980s and 2000s. Daily SWE data measured at 125 SNOTEL sites within the Colorado River Basin and 115 others proximate to the basin were used in this analysis. These data are collected by the Natural Resources Conservation Service (NRCS) (2003) using snow pillows, which are fluid-filled pressure sensors that measure the mass of the overlying snowpack (see Palmer, 1986; Johnson and Schaefer, 2002) . To examine the seasonal and interannual relation of SWE with topographic variables, weekly intervals for the period from late December through late June for the 1990-1999 water years (October 1 through September 30) were used in the analysis.
The SWE data were filtered for potentially erroneous values using the methods described by Serreze et al. (1999) . Specifically the following procedure was used for each station: if SWE data were missing for any of the first 15 days of October, the entire year was considered missing; if either the daily SWE or precipitation increment, computed from the cumulative recorded data, were missing, both were considered missing; if the daily change in SWE was greater than 254 mm, the SWE value was considered potentially erroneous; if the daily change in SWE was greater than 63.5 mm and the change in SWE on the following day was greater than 63.5 mm, but in the opposite direction, i.e., a gain followed by a loss or a loss followed by a gain, the SWE value was considered potentially erroneous. Means and standard deviations were computed for 60-day periods, and if individual SWE values differed from the 60-day mean by more than five standard deviations, such SWE values were considered potentially erroneous. Overall, less than 1 station per year was removed as a result of the filtering procedure.
Twenty-eight variables were used in the analysis, specifically, canopy density and 27 topographic variables, all based on 1-km resolution data ( (Pirineos, 2012 , Vol. 167, 165-185, ISSN 0373-2568 , eISSN: 1988 -4281, doi: 10.3989/Pirineos.2012 Z from DEM Sin slope (∆z) from 1x1 pixels Sin aspect (∆x) from 1x1 pixels Cos aspect (∆y) from 1x1 pixels ∆z from 5 column by 3 row pixels with pixel of interest at column 4, row 2 ∆x for west footprint ∆y for west footprint ∆z from 3 column by 5 row pixels with pixel of interest at column 2, row 2 ∆y for south footprint ∆x for south footprint ∆z for 9 km swath around pixel Regional ∆x Regional ∆y Distance to ocean computed from west, northwest, and southwest kilometers Elevation difference between maximum barrier in direction of ocean and pixel Distance from maximum barrier in direction of ocean to pixel Cumulative elevation increase between ocean and pixel US Forest Service density maps from AVHRR imagery most sites from the NRCS State Snow Surveyors. Those sites without GPS coordinates retain the location accuracy of 1 km. The 27 topographic variables used in the analysis (Table 1) were derived from the US Geological Survey 1-km resolution hydrologically corrected (HYDRO1K) digital elevation model (DEM), acquired from the Land Processes Distributed Active Archive Center (2003) . The 1-km resolution of the DEM data presents a potential problem of distortion and more specifically smoothing. However, with the exception of the local slope and aspect variables (discussed below), there is limited effect on the computation of the topographic variables due to the size of the study domain. Specifically, the net study area approaches 10 6 km 2 with, on average, one SNOTEL station per 3,000 km (Pirineos, 2012 , Vol. 167, 165-185, ISSN 0373-2568 , eISSN: 1988 -4281, doi: 10.3989/Pirineos.2012 datum and spheroid, with the 1 st standard parallel at 29.5 degrees N, the 2 nd standard parallel at 45.5 degrees N, the central meridian at 96 degrees W and the latitude of the projection's origin at 23 degrees N The slope and aspect were integrated to yield a directional slope, a change in the x, y and z directions. The abbreviation ∆z denotes slope (computed as the sine of slope), ∆x denotes eastness (computed as the sine of aspect), and ∆y denotes northness (computed as the cosine of aspect). Three different scales of directional slope have been chosen: the local slope at a 1-km resolution, footprint slope (west and south facing), and a regional slope (Figure 2a) . The footprints were considered from the west (5 columns by 3 rows with the station of interest in the 4 th column from west and 2 nd row north) or from the south (3 columns by 5 rows with the station of interest in the 2 nd column from the west and 4 th row from south). Essentially these are 3 km by 3 km blocks with an additional 2 sets of 3 blocks (2 km by 3 km) to the west or the south ( Figure  2a ) to determine on which side of the mountain a station of interest is located (windward versus leeward side), which is very important for orographic precipitation. The regional slope is a 9-km by 9-km block centered about each station, as described by Seglenieks et al. (1999) .
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Three derived variables are the same as those generated by Solomon et al. (1968) and Seglenieks et al. (1999) . The distance to ocean is a measure of the proximity to ocean, which represents the relation to the major source of moisture; the barrier height is the difference in the heights of the station of interest and that of the highest point between the ocean and the station of interest; and the shield height is the cumulative elevation rise from the ocean to the station of interest (Figure 2b ). The barrier distance was added for this analysis. It is the distance from the station of interest to the highest point between the ocean and the station of interest. Seglenieks et al. (1999) considered the eight main compass directions and the station location compared to its sources of moisture. Since the snowpack is a cumulative record of precipitation under predominantly colder than freezing conditions, these derived variables were considered from the northwest, west, and southwest, i.e., the Pacific Ocean.
For each SNOTEL station, the canopy density was estimated from US Forest Service (2001) data. Canopy density was derived from the normalized difference vegetation index (NDVI) using a NOAA Advanced Very High Resolution Radiometer (AVHRR) dataset. NDVI is a greenness index computed from the ratio of the difference of the near infrared (AVHRR channel 2 for wavelengths from 0.58 to 0.68 µm) minus the red (AVHRR channel 1 for wavelengths from 0.725 to 1.1 µm) to the sum of the two channels. Land cover type was not used in the analysis. (Pirineos, 2012 , Vol. 167, 165-185, ISSN 0373-2568 , eISSN: 1988 -4281, doi: 10.3989/Pirineos.2012 
SWE-Topography Relations
Weekly data from late December to late June for 10 years (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) were analyzed. A step-wise linear multi-variate regression between topographic variables and SWE was used on each weekly set of data. Starting with the variable having the largest correlation with SWE, additional variables were included in the regression in the order that gives the largest reduction in the error for the regression. This step-wise addition of variables was repeated until the addition of new variables did not increase the coefficient of determination (r 2 ) by more than 1%. The order of inclusion of the variables and the final set of coefficients were recorded.
For comparative purposes, the coefficients for the normalized variables have been scaled; the logarithm has been taken of the absolute value coefficient and the original sign has been returned to the coefficient. Since the magnitude and sign of the coefficients varied, the winter period was divided into four periods for all years: accumulation was 12/29-3/23, peak was 3/30-5/18, ablation was 5/25-6/8, and late season was 6/15-6/29.
Results
Five stations (Figure 1 and Table 2 ) across the basin illustrate the variation in SWE for three years versus the average from 1990 to 1999 (Figures 3a-e) . The study decade (1990 was missing for Sand Lake) was ranked for each of the five stations based on the annual peak SWE (Table 3 ). In general, 1997, 1995 and 1993 were high snow years, while 1990, 1992 and 1990 were low snow years. However, spatial variations exist. In the winter of 1999 there was low SWE in Arizona but average to high SWE elsewhere (Table 3) . Lower than average SWE was observed in the northern areas in 1991 while less than aver- Table 3 . Ranking by year of the peak snowpack SWE for the 5 SNOTEL stations listed in Table 2 . 1997 1998 1996 1993 1995 1991 1994 1990 1992 Seeley Creek 1995 1993 1997 1998 1996 1991 1994 1992 1990 Sand Lake 1999 1997 1995 1996 1993 1994 1998 1991 1992 N/A Beartown 1997 1995 1993 1991 1990 1998 1994 1996 1992 Hannagan Meadows 1993 1991 1998 1995 1992 1997 1994 1990 1996 (Pirineos, 2012 , Vol. 167, 165-185, ISSN 0373-2568 , eISSN: 1988 -4281, doi: 10.3989/Pirineos.2012 age peak SWE was observed in Arizona (Figure 3e ). The year 1996 saw low to average SWE in the southern and central areas, with a slightly higher than average SWE in the north. In 1997, SWE was higher than average in all areas except Arizona (Figure 3a-e) . The analysis determined the order in which variables were included in the regressions. For each variable a total score for all regressions was computed based on the order of inclusion, to consider a possible differing number of variables in a specific regression. For each week, the variable regression score was 29 minus the inclusion position so that the most correlated variable would have a variable regression score of 28 while the last included variable could have a variable regression score of 9 (at most 20 variables were included in a regression). When a variable was not included its variable regression score was zero. The net rank presented in Table 4 is based on the total score. The six highest ranked variables for inclusion were: elevation, southwest barrier height, west barrier height, latitude, southwest shield height, and northwest barrier distance.
The seasonal variations in the regression coefficients are presented in Figure 4a -d. The overall magnitude of positive coefficients is largest in the peak snowpack period (Figure 4b ) and smallest in the late season ( Figure 4d) ; it is 80% of the peak during the accumulation, 63% during ablation, and 31% late in the snow season. However, the cumulative negative coefficients are the same for the first two snow periods and then reduced to 60 and 57% of the peak during ablation and late season (Figure 4c and 4d) . The largest positive coefficients are regional slope, elevation, west footprint slope, latitude, northwest barrier distance and southwest distance to the ocean. Overall the magnitude changes as the snow season progresses. The largest negative coefficients include west and southwest barrier height, and southwest shield height, with the south footprint slope being important late in the season (Figure 4d ).
Interannual variations in the magnitude and size of the regression coefficients (Figure 5a-j) are not as prominent as the seasonal variations (Figure 4a-d) . The most important variables have large coefficients for most years, as illustrated in the different seasonal periods. However, the dominant variables are not important for all years. For example, regional slope is quite important in 1900, 1993, 1994, 1996 and 1997 , but not at all 1992 and barely in 1995 and 1998. The larger negative coefficients are more temporally consistent than larger positive coefficients. Specifically these are west and southwest barrier height, and southwest shield height. The presence of both positive and negative coefficients occurs less often for the annual averages than for the seasonal averages. The size of the average cumulative coefficients in Figure 4a 5a-j is different since each is a sum of negative or positive coefficients for a period (season or year) and there is a different number in each category, otherwise, the average for each period would be misrepresented.
Discussion
For the entire study decade, 65% of the coefficient values are represented by elevation, regional slope, southwest barrier height, west footprint slope, southwest shield height, west barrier height, latitude, southwest distance to ocean, and northwest barrier distance (Table 4) . Elevation always has the strongest influence on the distribution of SWE (Fassnacht et al., 2003) , as the net magnitude of the cumulative elevation coefficients and its inclusion rank are both first (Table 4 ). The ranks for the next eight most important variables are similar for inclusion and coefficient magnitude. However only SW shield height and SW distance to the ocean had the same ranks for both at 5 and 8, respectively (Table 4) . Regional slope has the second largest cumulative coefficient but is only the 7 th most included variable, indicating its importance when included in a regression. Some lesser important variables have similar positive and negative cumulative coefficients (Table 4) .
The variables that have large net positive or negative coefficients for the study decade (Table 4) do not always have large coefficients for each individual year ( Figure 5 ). However, there is consistency among some of the variables and they are important in each and almost all years. Therefore, separate regression equations are necessary for each year, and due to the seasonal variations, they are necessary for each individual time step.
How representative the SNOTEL network is of its surrounding terrain must be assessed. Elevation is the least representative of basin topography (Figure 6a ) and of the topography within the maximum snow-covered extent (Figure 6b ) defined by Bales et al. (2008) . The slopes of the SNOTEL stations are underrepresented at the flatter slopes, and overrepresented at moderate slopes ( Figure 6a-b) ; stations are typically situated on flat terrain, but still in transitional areas. The footprint slopes are least representative, compared to the local and regional slopes (Figure 6a-b) .
The scale of influence of slope is important (Liston, 1999) . For this analysis the coarsest scale, i.e., regional slope, was relevant, as was the medium scale west footprint slope. The latter indicates the side of the mountain on which a station is located with respect to orographic effects. Due in part to the orientation of mountains, the south footprint slope was generally not important. The finest scale slope, i.e., local scale, was also not important. (Pirineos, 2012 , Vol. 167, 165-185, ISSN 0373-2568 , eISSN: 1988 -4281, doi: 10.3989/Pirineos.2012 Overall, the southwest variables are more important than the west or northwest derived variables. There is a larger variation in the southwest derived variables across the study domain. As well, snow accumulation in Arizona, New Mexico, and southern Colorado are influenced by the storm tracks from the southwest.
Canopy density is the least important variable. However, the multi-variate regression variables are indicative of climate that brings the snow to an area and enables the snowpack to accumulate and persist, and this climate also influences the vegetation growth regime. The poor correlation between canopy density and SWE was observed since other topographic variables act as surrogates for vegetation (e.g., Repass, 2005) .
The magnitude of the dominant variables changes over the snow season (Figure 4a-d) and from year to year (Figure 5a-j) . The temporal variations for separate variables exist for shorter time periods than shown in Figure 4a -d. There is also variation in inclusion of the variables, yet some of the main variables appear consistently. A monthly time step was appropriate for density since the rate of increase was mostly consistent over space and time (Mizukami and Perica, 2008) . From October through March, Mizukami et al. (2011) found that SWE regressions with some of the topographic variables used here and gridded meteorological variables were adequate on a monthly basis if the Western U.S. were divided into five regions. Our results show that separate regression equations should be used for each step. However, only the top 10-15 variables should be considered, as some cross-correlation exists between these variables and lesser important variables.
The largest net sum of coefficients were for 1994 through 1996 (Figure 5d f), with the smallest being 1997, 1990 and 1993 (Figure 5h, a, d ). This does not correspond with the high and low snow years (Table 3) . However, the correlation between the topographic variables and snow water equivalent on a winter by winter basis (Table 4) is in part a function of the variable climate of the western US. The lowest correlations were for 1991, 1993, and 1998 , all of which were periods of El Niño (weak, moderate and strong) that followed at least half a year of El Niño (Meyers et al., 1999) . However, 1992 was a strong El Niño year (Meyers et al., 1999) yet April exhibited higher than average correlations. The remainder of the year showed less than average correlations. Two years with higher than average correlations (1996, and 1999) were in the La Niña cycle (Meyers et al., 1999) , with the periods of highest correlation starting earlier than usual, that is, starting in January or February as opposed to April (Table 3 ). These two years were preceded by a La Niña fall (Meyers et al., 1999) . Higher than average correlations were also observed for 1990, which was preceded by and in a neutral El Niño Southern Oscillation (ENSO) cycle. The winter of 1995 was at the tail end of an average El Niño cycle (Meyers et al., 1999) and illustrated greater than average correlations starting in late April and continuing until June. Overall, Cayan (1996) and Clark et al. (2001) found that the El Niño corresponded to less than average April 1 snowcourse SWE in the northern parts of the Upper Basin, i.e., Wyoming and northern Utah, and greater than average April 1 snowcourse SWE in the Lower Basin. Trends were less discernible in the southern parts of the Upper Basin, i.e., Colorado, due to the magnitude of variability . Marquínez et al. (2003) report similar results in determining that topographic variables derived at the sub-basin scale significantly improved identification TEMPORAL INCONSISTENCIES IN COARSE-SCALE SNOW WATER EQUIVALENT PATTERNS:... 181 (Pirineos, 2012 , Vol. 167, 165-185, ISSN 0373-2568 , eISSN: 1988 -4281, doi: 10.3989/Pirineos.2012 Figure 6. Difference in the distribution of variables between the SNOTEL stations with a) the topography of the Colorado River Basin, and b) the basin topography within the maximum snow extent, as defined by Bales et al. (2008) using AVHRR SCA imagery. Figura 6. Diferencia en la distribución de las variables entre las estaciones SNOTEL a) topografía de la cuenca del Río Colorado, y b) topografía de la cuenca dentro de la extensión superficial máxima de la nieve, según la definición de Bales et al. (2008) utilizando imágenes AVHRR SCA.
of heterogeneity in precipitation patterns. The climate associated with the SNOTEL data (e.g., Fassnacht and Derry, 2010) can be used to sub-divide areas that follow different annual accumulation and melt patterns.
Conclusions
Topographic variables that act as surrogates for the meteorological drivers were correlated to SWE. For the Colorado River Basin, the relation between SWE and these topographic variables varied seasonally and annually over the period of 1990 through 1999. Weekly SWE data were used over the winter season of December 29 th through June 29 th , and the multi-variate regressions usually varied from week to week.
The multi-variate approach enabled us to describe approximately 50%, 65%, and 25% of the spatial variability of the SWE during the accumulation, peak, and ablation periods, respectively. While the particular variable that was most important to SWE distribution varies both seasonally and annually, regional slope and elevation were consistently two of the key variables. Several of the derived variables are also important, including SW shield height, all barrier heights (NW, W and SW), NW and SW barrier distance, and latitude.
While trends were observed, these variations were not directly correlated to high (1993, 1995 and 1997) and low (1990, 1992 and 1994) snow years, nor the ENSO cycle. Due to the seasonal and annual variability of the SWE/topography relation, it is necessary to formulate the regressions for each time step. However, while the topographic variables were chosen to represent the entire Colorado River Basin and the variability in the snow accumulation across the basin, the resulting relation to the state of ENSO (El Niño versus La Niña) illustrates that the regressions should be examined for smaller sub-basin areas to better examine cold season precipitation patterns and therefore, SWE.
